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Abstract. Metalorganic chemical vapor deposition- and molecular beam epitaxy-grown strain-
balanced InAs/InAs;,Sb, type-Il superlattices with 20 — 100 periods and Sb composition
between 0.22 <x <0.30 exhibit photoluminescence between 5.8 to 10.6 pm at 5 K. The
temperature dependent onset of photoresponse obtained from photoconductivity measurements
is fit to the Varshni equation, resulting in fitting parameters closer to those of InAs than InSb,
and the Fan expression, which gives a Debye temperature less than that of InAs or InSb.

Keywords: superlattice, infrared, photodetector, molecular beam epitaxy, metalorganic chemical
vapor deposition.
PACS: 78.67.Pt, 81.15.Hi, 81.15.Gh.

1. INTRODUCTION

InAs/(In)GaSb type-II superlattices (SLs) have been widely studied due to their
lower substrate and manufacturing costs, superior uniformity, and higher theoretical
quantum efficiency than that of HgCdTe for infrared detector applications. However,
the state-of-the-art InAs/(In)GaSb SLs’ minority carrier lifetime is still lower than
predicted by theory [1]; and complicated interface schemes make them challenging to
grow. An alternative type-II SL, InAs/InAs;<Sby SL, is relatively simpler to grow [2,
3] and possibly has less Shockley-Read-Hall recombination [4] due to the absence of
Ga. Detailed theoretical modeling work [4] concluded that ideal InAs/(In)GaSb SLs
have slightly higher absorption than that of InAs/InAsSb SLs, but the advantages of
InAs/InAsSb SLs over the InAs/(In)GaSb SLs are left to experimental demonstration.
Recently, strain-balanced InAs/InAs;Sby multiple-quantum-well structures with Sb
composition x <0.27 grown by metalorganic chemical vapor deposition (MOCVD)
demonstrated photoluminescence (PL) out to 10 um [5]. This work investigates the
optical properties of strain-balanced InAs/InAs; Sby type-II SLs with 0.22 <x <0.30
grown by MOCVD and molecular beam epitaxy (MBE) on GaSb substrates.
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2. RESULTS AND DISCUSSION

InAs/InAs;«Sby SL structures A [100 periods InAs (7.0 nm)/InAsy76Sbo2z (3.3
nm)] and B [50 periods InAs (7.0 nm)/InAsy7;Sbo»3 (2.3 nm)] are grown by MOCVD
on 2" n-GaSb substrates at 500 C. Detailed growth conditions are given in reference
[3]. Structures C [20 periods InAs (17.6 nm)/InAs7;Sbo29 (7.0 nm)] and D [60
periods InAs (5.6 nm)/InAsg70Sboso (1.8 nm)] are grown by MBE on 2" n-GaSb
substrates at 435°C. The Sb composition in the InAsSb alloy layers is controlled by
varying the Sb/As flux ratio. The two growth techniques are interesting to compare as
MOCVD offers very high throughput, which is good for mass production, while MBE
currently delivers higher quality antimonide materials. The layer thicknesses are
chosen to be strain-balanced using the thickness-weighted model, but A and B are
found to be 74 % and 83 % relaxed, respectively, according to (224) X-ray diffraction
measurements. The designed 0 K effective bandgap energies of structures A, B, C,
and D are 224, 250, 105, and 204 meV (5.5, 5.0, 11.8, 6.1 um), respectively, and are
calculated with a 3-band envelope-function approximation model (with the electron,
light hole, and spin-orbit bands coupled and the heavy hole decoupled [6]), an
InSb/InAs valence band offset of 0.59 eV [7], and 65 % of the InAsSb bandgap
bowing occurring in the valence band [8]. The conduction and valence bands of InSb
lie higher in energy than those of InAs, leading to a type-II band alignment for InAs
and InAs;Sbx [9]. The square of the wave function overlap integral calculated for
designs A, B, C, and D are 0.34, 0.31, 0.06, and 0.40, respectively.
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FIGURE 1. a) 5 K photoluminescence spectra for samples A, B, C, and D. b) Schematic of the type-II
band alignment between InAs and InAs;.,Sby.

Figure 1 shows the 5 K PL results obtained using a Fourier transform infrared
spectrometer with a 532 nm pump laser at an intensity of 105 W/cm? and modulated at
60 kHz (double modulation setup). The discrepancy between the design and the PL
peak position is due to the high pump intensity and uncertainties: 1) in the material
parameters chosen for the model, including the valence band offsets, and ii) in the
measurements for x (= 1 %) and the layer thicknesses (+ 0.5 nm).
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FIGURE 2. a) Photoresponse (photoconductivity) and PL spectra for samples A and B. b) Varshni
fit (solid lines) to the absorption onset for samples A and B using oo = 0.275 meV/K and f =139 K and
Fan fit (dotted lines) using A =27.1 meV and <E,> = 10.7 meV. Insets: temperature dependent PL.

The spectral photoconductivity is measured with a bias current of 4 mA and
0.5 mA for A and B, respectively, and the signals were corrected for the background
using a reference spectrum [10]. Figure 2a shows the PL peak position and the
photoresponse onset differ by +8 meV and -1 meV for A and B, respectively. These
shifts are mainly due to the band bending, band filling, and bandgap renormalization
effects at the present PL pump intensity and the alloy and layer thickness fluctuations
in the samples. The broader the PL peak, as is the case for sample B vs. A, the greater
the Stokes shift. Sample A gave measurable optical signals up to 200 K, while B only
to 77 K. Fitting the photoresponse onset of A to the empirical Varshni equation (see
Eq. 1 below) results in fitting parameters o=0.275 + 0.028 meV/K and
B=139+£34 K. ais closer to that of InAs (0.276) than InSb (0.320), but  is between
that of InAs (93) and InSb (170) [7]. The InAs layers are thicker than the InAsSb
layers, so the parameters are expected to be nearer to the InAs values.
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The analytical Fan expression (see Eq. 2) is also used to fit bandgap temperature

dependence [11] and results in the Fan parameter A = 27.1 + 3.6 meV and the average
phonon energy <E,>=10.7 + 1.1 meV.
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The Fan parameter for InAs is given as 44 meV and 20 meV and <E,> as 16 meV and
13 meV in [12], which confirm that the SL results are reasonable. The Varshni
equation fit (solid lines) and the Fan expression fit (dotted lines) using these same
parameters for both A and B are shown in Figure 2b, along with the temperature
dependent PL spectra in the insets. The Varshni parameter  is considered to be close
to the Debye temperature (®p), which is calculated from the Fan average phonon

2)

124



energy as ®p = <E,>/k. When kT is much greater than <E,>, the Varshni and Fan
expressions are related by A/a’ = <E,>/k, where a’ is the slope of E¢(T). For T >
100 K, o’ = 0.206 meV/K, agreeing with the Varshni equation overestimating a [12].
For sample A, B=139K, ®p = 124 K, and A/a’ = 131 K, which are consistent with
each other but less than the Debye temperatures for InAs (247 K) and InSb (206 K)
[13]. Further temperature dependent analysis on more InAs/InAsSb SL samples is
necessary to determine the consistency of the values given here.

3. CONCLUSION

Photoluminescence from 5.8 pm to 10.6 um for strain-balanced InAs/InAs;.xSby
SLs on GaSb with 0.22<x<0.30 confirm the potential of these SLs to cover
wavelengths necessary for mid and long-wavelength infrared applications. The
calculated SL effective bandgaps are in reasonable agreement with the experimental
results, and the Varshni and Fan expressions are fit to the photoresponse onset
temperature dependence.
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